In competitive electricity market, congestion is a serious economic and reliability concern. Congestion is a common problem that an independent system operator faces in open access electricity market. This paper presents a reliable and efficient meta-heuristic based approach to solve congestion problem. The proposed approach of the present work employs firefly algorithm (FFA) for alleviation of transmission network congestion in a pool based electricity market via active power rescheduling of generators. FFA is a new meta-heuristic approach based on flashing patterns and behavior of fireflies. Various important security constraints such as load bus voltage and line loading have been taken into account while dealing with congestion problem. The proposed methodology may help in removing the congestion of line with minimum rescheduling cost. The numerical results of modified IEEE 30-and 57-bus test power systems are illustrated.
Introduction

General
Before restructuring of the power system, the power grids were, usually, used to be operated by vertically integrated utilities. These utilities had common control over both generation and transmission facilities. With unbundling: generating, transmitting and distributing companies are working as independent entities and, thus, it has become a challenge for independent system operators (ISO) to operate the system in synchronism [1] . In deregulated market, all the market players are free to interact with each other. Buying and selling of electricity is done by the participants in such a way that only aims to maximize the profit, causing transmission networks to operate beyond their operational limits.
Congestion is the difference in the megawatts of the power scheduled to flow on a transmission line and the actual transfer that is allowed on the line without violating any constraints. Congestion occurs whenever one or more constraints are violated under which the system operates in the normal operating condition or in any of the specified contingencies. The constraints can be either physical limits like thermal or voltage limits or specified limits to ensure system security and reliability [2] . Increase in power demand, unexpected outage of generation, restriction on the construction of new lines, unscheduled power flow in lines, tripping of transmission lines or failures of other equipment are some of the potential causes for congestion. In a deregulated environment, congestion is a primary challenge to an ISO who is responsible in managing congestion in the transmission line and ensuring security as congestion may cause serious menace to stability of the power networks and may also result in market inefficiency and electricity price hike [3] . Rescheduling of generator outputs, supplying reactive power support or curtailment of transactions are, physically, the usual methods adopted for congestion management (CM).
Literature review
The literature survey reveals that various techniques have been used to address the serious issues related to CM. CM in open access electricity market has been discussed in References [4] [5] [6] . A detailed analysis of different CM techniques, used in different electricity markets throughout the world, may be found in Reference [4] . A minimum distance re-dispatch has been proposed in Reference [5] ignoring the economic value of the transaction adjustment. In Reference [6] , the congestion is managed by using the marginal cost signals for the generators. Thukaram and Parthasarathy [7] have proposed an expert system based approach for the alleviation of network overloads using phase shifting transformers and generation rescheduling. A physical flow based CM allocation mechanism for multiple transaction networks has been discussed by Shu and Gross in Reference [8] , which enables the independent grid operator to acquire the congestion relief services for each transaction to remove its congestion contribution at the least cost. Kumar et al. [9] have proposed a zonal model based on ac load flow in which the calculation of sensitivity values for all the buses in the system is required and, therefore, a large amount of computational effort is required to be spent. Dutta and Singh [10] have demonstrated a technique for the optimum selection of generators based on generator sensitivities to the power flow using particle swarm optimization (PSO) algorithm with an aim to solve CM problem. A method for selection of participating generators based on sensitivity to current flow on congested line as well as the generation bids has been presented by Talukdar et al. in Reference [11] . Conejo et al. [12] has addressed the CM problem by disregarding the off line transmission capacity limits related to stability which results in economical and secure operating conditions. Kumar and Chaturvedi [13] have presented integration of fuzzy systems with genetic algorithm and PSO to solve the optimal power flow (OPF) problem for optimal setting of control parameters. An approach for CM with flexible ac transmission systems in deregulated electricity market with voltage stability constraint, taking loadability parameter into consideration along with the line security limits using rescheduling of generators, is proposed by Kumar and Sekhar in Reference [14] . In Reference [15] , an efficient PSO method has been used for real power rescheduling of generator for transmission CM in deregulated environment. The proper placement and sizing of proper flexible ac transmission systems (FACTs) devices based on PSO in deregulated environment has been studied in References [16, 17] . The utilization of distributed generation units for CM by improving the voltage profile using PSO has been studied in Reference [18] . The application of PSO to maximize total system social welfare in a double-sided auction market by the proper allocation of FACTs devices is proposed in Reference [19] . The application of fuzzybased genetic algorithm (GA) to maximize total system social welfare in a double-sided auction market by the best placement and sizing of FACTs devices has been proposed in References [20, 21] .
A methodology based on improved harmony search is proposed in Reference [22] to solve transmission expansion planning problem with adequacy-security considerations in deregulated power system. Simulated annealing (SA) has been applied on unit commitment problem by Zhuang and Galiana [23] . Jang et al. [24] have discussed a computationally simple random search method (RSM) that can be utilized to solve various optimization problems.
Firefly algorithm (FFA) is a meta-heuristic approach inspired from the flashing behavior of fireflies [25] and its prevalence is increasing rapidly in almost all branches of science and technology for the purpose of optimization. FFA has been used to solve non-linear design problem in Reference [25] . FFA has been utilized in Reference [26] to optimize the control variables for simultaneous optimization of real power loss and voltage stability limit of the transmission system. The modified FFA is used in Reference [27] to design a Smith predictor controller for integration and unstable delay processes. FFA [28] has been proposed in the current work for the rescheduling purpose to alleviate congestion in the power networks.
Motivation
Literature survey reveals that numerous techniques have been implemented by researchers in the past to solve the CM problem. A major force behind the present work is to design a novel technique to solve the CM problem. Most traditional optimization techniques do not function admirably for the issues with nonlinearity and multimodality. Current pattern is to utilize naturepropelled metaheuristic algorithms to handle such difficulties, and it has been demonstrated that metaheuristics are exceptionally productive. FFA is inspired from natural behavior of fireflies. Unlike other algorithms, a firefly works individually and tries to find the best position for itself in consideration with its current position as well as the position of other fireflies. Hence, it moves from the local minima and finds the global minima in less number of iterations. Apart from the self improving process within the current space, the FFA also includes the improvement among its own space from the previous stages. Robustness and high convergence rate make this algorithm most suitable to use for such kind of optimization problems [25] .
FFA is proposed in this paper to solve CM problem. The main motivation of the present work is to aid ISO to remove congestion of lines in an optimal manner. In this paper FFA is applied on modified IEEE 30-bus and 57-bus test power systems to solve congestion problem under various considered contingencies.
Contribution
The main contributions of this work are to:
(a) project FFA as an effective optimizing tool to minimize the rescheduling cost under different contingencies for the two IEEE standard power systems: IEEE 30-bus system and IEEE 57-bus system, (b) effectively remove the overload in the lines caused by various considered contingencies with smallest shift in generation schedule, (c) minimize the total amount of rescheduling and losses for various considered cases and (d) demonstrate the effectiveness of the proposed FFA over the others for this specific application.
Paper layout
The remaining portion of this paper is structured as follows. Section 2 provides the mathematical formulation of the CM problem. Section 3 explains the FFA. Section 4 deals with FFA for CM problem. Simulation results are presented and discussed in Section 5. Finally, conclusions are drawn and scope of future work is presented in Section 6.
Mathematical problem formulation
The main objective of the CM is to minimize the congestion cost while satisfying the network constraints. In the present work, the CM problem is solved by rescheduling (increasing or decreasing) the active power output of generators. But change in active power output is associated with cost which, in turn, depends upon the price bids submitted by generating companies (GENCOs). The problem may be stated as in Eq. (1) [15] :
Minimize
where
and represent the total cost incurred for changing active power output ($/h), incremental price bids submitted by GENCOs ($/MWh), decremental price bids submitted by GENCOs ($/MWh), active power increment of generator (MW) and active power decrement of generator (MW), respectively.
The present optimization problem is subjected to the equality and inequality constraints as stated in the next two sub-sections.
Equality constraints
The equality constraints of CM represent the power flow equations as stated in Eqs. (2) to (5) [29] :
where P Gk and Q Gk are the generated active and reactive power at bus k, respectively; P Dk and Q Dk are the active and reactive load power at bus k, respectively; V j and V k are voltages at bus j and k, respectively; δ j and δ k are bus voltage angles of bus j and k, respectively; θ kj is admittance angle of line connected between k and j; Nb, Ng, and Nd are number of buses, generators and loads, respectively; P Gk C and P Dj C are the active power produced by generator k and active power consumed by load bus j, respectively, as obtained by the market clearing value.
It is to be noted here that Eqs. (2) and (3) show active and reactive power balance at each node while Eqs. (4) and (5) represent final power as a function of market clearing price.
Inequality constraints
The inequality constraints represent the operating and physical limit of all the transmission lines, transformers and generators and are stated in Eqs. (6) to (10) [29] :
where the superscripts min and max represent the minimum and maximum values of the respected variables and Nl represents the number of lines.
FFA
FFA is inspired by the flashing characteristics of fireflies to attract their mating partners and is developed by Yang [25] . A brief overview of this algorithm is provided in the next two sub-sections.
FFA: features
The pattern of flashes produced by bioluminescence is unique for a particular species of fireflies. FFA, based on the nature of fireflies, follows three idealized rules as mentioned below [28] .
(a) Each and every firefly is unisex and, hence, one firefly is attracted to the other regardless of its sex. (b) Attraction is proportional to the brightness of the fireflies. For any two fireflies, the one having less brightness moves toward the other having more brightness. The intensity of flashes is inversely proportional to the distance between the two fireflies. So, as the distance increases, brightness and, hence, attraction between the two fireflies, decreases. The brightest firefly moves randomly in the population. (c) The brightness of a firefly is determined by the objective function value.
Light intensity and attractiveness
Two important things that should be considered in FFA are the variation of the light intensity and formulation of attractiveness. The attractiveness of a particular firefly is determined by its brightness which, in turn, is associated with the objective function value. The attractiveness (termed as β) is relative, as it is seen and judged by the other fireflies and it increases as the distance between the two fireflies decreases. Also, light intensity decreases with the increase in distance from the source and light is also absorbed in the medium of its propagation. So, a degree of attractiveness is to be set in order to vary β. The light intensity, I r ( ) ( ), varies monotonically and exponentially with the distance (r) between the two fireflies and it is expressed as in Eq. (11):
where I 0 and γ are the original light intensity and light absorption co-efficient, respectively. As a firefly's attractiveness is proportional to the light intensity seen by other fireflies, the attractiveness β can be defined as in Eq. (12) 
where β 0 is the attractiveness at r = 0. The distance between any two fireflies i and j, located at positions x i and x j , respectively, is the Cartesian distance given by Eq. (13):
where x i k , and x j k , are the components of the spatial co-ordinates x i and x j of i th and j th firefly, respectively and d is the dimension of the problem.
The movement of i th firefly, attracted to any brighter firefly j is given by Eq. (14) .
In Eq. (14), the first term represents the current position of i th firefly, the second term represents the attractiveness to other brighter fireflies and the third term represents a random walk associated with a randomization parameter α. rand is a uniformly distributed random number generated in the range [0,1] and the range of α is, usually, taken as [0,1]. The parameter γ characterizes the variation of attractiveness and its value is, significantly, important as it determines the behavior and convergence of FFA and it has the range [0, ∞ ]. The operation of FFA may be summarized to the pseudo-code [28] , presented in Algorithm 1. The flowchart of the FFA is presented in Fig. 1. 
FFA for CM problem
In this work, each population has N number of design variables where N is the number of generators taking part in the CM problem. Usually, the objective function is considered as the fitness function. In this work, penalty approach [15] is adopted, which penalizes the constraints and builds a single objective function which, in turn, is minimized by using an optimization algorithm.
The inequality constraints are converted to the penalty functions and these penalty functions are added to the objective function. In this paper, the equality constraints are handled effectively during Newton-Raphson power flow [30] and the active power inequality constraints are handled during the execution of iteration. Reactive power inequality constraints are handled during the load flow solution. Other inequality constraints such as load bus voltage and line power flow are considered as quadratic penalty functions. The fitness function of CM problem may be described as in Eq. (15) [15] :
if if (17) Here, F f is fitness function which is required to be minimized in order to get minimum rescheduling cost; ovl and VB represent set of the overloaded lines and voltage violated load buses, respectively, and PF i (i = 1, 2, 3) represent penalty factors which has been taken as 10,000 throughout the simulation process [15] . Moreover, the second, third and fourth terms are added to the fitness function, keeping in mind the possibilities of violations.
Computational procedure of FFA for CM
Based on the above discussions, the procedure in applying the proposed FFA algorithm for the solution of CM problem is given below.
Step 1 Read the bus data, the line data, the price bids and the generator information.
Step 2 Create contingency by either line outage or increase in load.
Step 3 Run load flow while satisfying equality constraints stated in Eqs. (2) to (5) . Hence, find the excess power flow and bus voltage violation, if any.
Step 4 Initial population of fireflies is generated using Eq. (6), which is the amount of rescheduling required by the generators to manage congestion (randomly within the limits).
Step 5 For each generated population of fireflies, load flow is performed and, hence, the fitness function is evaluated by using Eq. (15) and the best solution is identified. During the execution of iteration, Eqs. (9), (10), (16), and (17) are checked.
Step 6 The positions of all the fireflies are modified with reference to their attractiveness using Eqs. (12) to (14) .
Step 7 The fitness function, defined in Eq. (15), is evaluated with modified fireflies. Any two fireflies are randomly selected and their fitness values are compared. The firefly with better fitness value is accepted while the other is rejected.
Step 8 If maximum number of iteration is reached then the program is stopped; otherwise, it goes back to Step 6.
Simulation results and discussion
In the present work, FFA for CM is implemented using MATLAB (version 7.6.0) software on an Intel Core i3 Processor based system with 2.4 GHz clock speed and supported by 4 GB of RAM. To verify the effectiveness of the proposed FFA in solving CM problem, simulations are carried out on modified IEEE 30-bus and 57-bus test systems. The bus data and line data may be found in the Appendix section (Tables A1 and A2 for modified IEEE 30-bus test system  and Tables A3 and A4 for modified IEEE 57-bus test system). The price bids offered by the GENCOs to ISO for modified IEEE 30-and IEEE 57-bus test systems are given in Tables A5 and A6 , respectively. Generation rescheduling cost is calculated for the simulated cases and is compared with results reported in Reference [15] .
Details of simulated cases carried out on the two test systems are given in Table 1 . Congestion is created in lines for the simulation purpose by overloading the lines. In this paper, line overloads are created either by reducing the capacity of lines as to the compared standard limits or by considering generator or line outage.
The proposed FFA has been executed for 100 independent trial runs, out of which the best solution set is presented here. The values of α and γ are taken in the range of 0 to 1, while the value of β 0 is kept constant at 10. It has been found that population of 40 fireflies is sufficient in solving the CM problem of the present work. The maximum number of iteration is set to 150 for all the test cases. The major observations of the present work are documented below. Results of interest are bold faced in the respective tables.
Example 1: modified IEEE 30-bus test system
The modified IEEE 30-bus test system is taken for consideration as Example 1. It has forty-one transmission lines, twenty-four load buses and six generator buses. The total active and reactive power of load for this test system is 283.4 MW and 126.2 MVAR, respectively. Generation and load values (provided in the Appendix section), are taken as the initial market clearing values for PG and PD, respectively. Contingencies like unexpected line outage and increase in system load are considered for the simulation purpose. Two different cases of this example viz. case 1A and case 1B (Table 1) are considered for this example.
Case 1A
In this case, congestion is created by considering outage of line number-1 connected between bus-1 and bus-2. Due to outage of line 1, congestion occurs in lines number-2 and -4, connected between buses 1-7 and 7-8, respectively. OPF [29] Table 2 . Hence, the congestion has to be alleviated by the optimal rescheduling of active power generation of generators. The results, obtained by employing the proposed FFA for the solution of CM problem for case 1A of Example 1, are tabulated in Table 3 . For comparison purpose, the results obtained from RSM, SA and PSO techniques reported in Reference [15] are also included in the same table. From Table 3 it may be concluded that the results obtained by proposed FFA is the best, providing minimum rescheduling cost compared to other methods reported in the literature, without overloading the other lines. The proposed FFA gives the best solution as 511.8737 $/h ( Table 3 ). The total system loss before CM was 16.023 MW while the same is decreased to 13.10 MW after CM. A comparative pictorial representation of active power rescheduling and congestion cost offered by different methods like PSO [15] , RSM [15] and SA [15] are shown in Figs. 2 and 3 , in order. The convergence profile of fitness function for this test case, as yielded by the proposed FFA, is shown in Fig. 4 .
Case 1B
For this case, congestion is created by considering outage of line number-2 connected between bus-1 and bus-7 accompanied by Table 4 shows the list of overloaded lines for this case. In this case, total power violation due to congestion in the transmission lines is found to be 251.794 MW. To alleviate this overloading, the optimum rescheduling of generators are carried out by using FFA and the obtained results are presented in Table 5 . The results yielded by proposed FFA are compared with the results reported in Reference [15] while adopting PSO, RSM and SA. The cost for CM is visibly less for the proposed FFA method than for other methods reported in Reference [15] . Also, the total system loss is decreased to 16.264 MW after CM, which was initially 37.8 MW during congestion. The up/down adjustment of active power generated by the generators, as offered by the proposed FFA method, is shown in Fig. 5 . The comparative total cost incurred while removing congestion for this case is plotted in Fig. 6 . The convergence of fitness function, as offered by the proposed FFA with the number of iterations, for this test case is plotted in Fig. 7 . 
Example 2: IEEE 57-bus test system
Modified IEEE 57-bus test system consists of seven generator buses, fifty load buses and eighty transmission lines and is chosen as Example 2. The total active and reactive power loads are 1250.8 MW and 336 MVAR, respectively. The two different simulation cases considered for this example are case 2A and 2B, as presented in Table 1 .
Case 2A
In this case, the line limits are taken as 175 MW for the line 5-6 and 35 MW for the line 6-12, instead of their original power flow limit of 200 MW and 50 MW, respectively, to create congestion ( Table 1 ). The details of congested lines are provided in Table 6 . Due to this congestion, the lines 5-6 and 6-12 get overloaded and total power violation becomes 35.322 MW. Optimum generator rescheduling is performed using the proposed FFA to completely alleviate this overloading of 35.322 MW. The details of the results obtained are listed in Table 7 and these results are compared with those yielded by PSO [15] , RSM [15] and SA [15] . A comparison of the amount of active power rescheduling required for CM, as offered by PSO, RSM and SA is presented in Fig. 8. Fig. 9 exhibits the comparative congestion cost offered by SA, RSM, PSO and the proposed FFA method. It may be noted from Table 8 and Fig. 9 that the total cost of CM, obtained from proposed FFA method, is only 6050.1 $/h, which is the lowest among the costs obtained from the other three methods, SA, RSM and PSO. The total system loss before CM (Table 7) . Fig. 10 portrays the convergence profile of fitness function, as obtained by the proposed FFA.
Case 2B
In this case, line 2-3 is made to be overloaded by reducing its capacity to 20 MW from the original value of 85 MW. Under base load condition, the power flow in this line is 37.048 MW and, hence, it gets overloaded and the total power violation becomes 17.048 MW (Table 8) . To relieve this amount of power overloading, active power rescheduling of the generators are carried out by using the proposed FFA method. The details of the results obtained while adopting the proposed FFA and the other methods reported in the literature like PSO [15] , RSM [15] and SA [15] are listed in Table 9 . From Table 9 , it is clear that the cost incurred for CM is only 2618.1 $/h for the proposed FFA method, which is the lowest one among all the costs, obtained from different reported methods. The total system loss is decreased to 21.062 MW after CM, which was 21.458 MW initially. The optimal rescheduling of active power generation required for this case is shown in Fig. 11 . It is evident from Fig. 11 that incremental change in active power generation is required for generators 1, 3 and 4, and for all the remaining generators, a decremental change is required. Comparative congestion cost offered by different algorithms like SA [15] , RSM [15] and PSO [15] and the proposed FFA are displayed in Fig. 12 . The convergence of the fitness function value for this test case, based on the proposed FFA method, is shown in Fig. 13. 
Conclusion and scope of future work
This paper demonstrates a novel optimization technique for solution of the CM problem in open access electricity market. FFA is, successfully, implemented to minimize the rescheduling cost for alleviating congestion completely. Contingencies like line outage and sudden load variation are considered in this work. The proposed method is implemented on modified IEEE 30-and IEEE 57-bus systems and the results are compared with random search method, simulated annealing and PSO. It is observed that the proposed FFA effectively relieves congestion, and rescheduling cost obtained is much lower than the costs reported by the other approaches. Moreover, total amount of rescheduling and losses are also found to be lower. From all the considered simulated cases, it may be observed that FFA is a potential tool to solve a non-linear, multimodal problem. Compared to other optimization algorithms like PSO, SA and RSM, FFA has added advantage of random reduction, lesser time to produce optimum value and automatic subdivision among the fireflies. Apart from the self improving process within the current space, the FFA also includes the improvement among its own space from the previous stages. Thus, it may be concluded that FFA is a powerful and strong approach to solve optimization problems, providing most economical, reliable and secure operating conditions. Use of sensitivity analysis for selection of participating generators along with rescheduling may be the direction of future research work. FFA may be recommended as an effective optimization tool for some other power engineering optimization applications.
Appendix
Bus data and line data for modified IEEE 30-bus system are presented in Tables A1 and A2 , respectively, while those for modified IEEE 57-bus system are given in Tables A3 and A4 , respectively. Price bids submitted by GENCOs for modified IEEE 30-and 57-bus systems are given by Tables A5 and A6, respectively. 
